Introduction
Fabric quality is the key edge for textile enterprises to stand out in the market amid competition, and fabric defect is an important factor affecting the quality of textiles [1] . At present, manual detection is the common method used for detection of fabric defect, but it has the disadvantages of low speed and high misdetection rates; moreover, with the increase of labor cost, its economic costs are increasing [2] . With the development of digital image processing technology since the 1970s, machine vision has been widely used in industry, and it provides a new method and means for automatic inspection of fabric defects. So far, the defect detection result of gray fabric has been satisfying [3] [4] . However, the detection of defects in patterned fabric and yarn-dyed fabric is still a difficult problem in the current fabric defect detection scenario; therefore, it has become a research hotspot in the past 10 years [5] [6] .
The multilayered structure of yarn-dyed fabrics is the main cause for the difficulty faced during defect detection. Compared with the two-layered structure, comprising fabric texture and fabric defects, of gray fabric, there are three layers, i.e., pattern, fabric texture, and fabric defect, in yarn-dyed fabric.
In recent years, research on the defect detection of yarndyed fabric has been limited. Zhang et al. [7] focus on defect classification based on the artificial neural network, which uses morphological filtering to extract fabric defects. To deal with the problem of size selection of the structural elements in morphological filtering [8] , the genetic algorithm is used to find the optimal size, and it has yielded satisfying results. However, the use of genetic algorithm increases the computation time of the system. Li et al. [9] have used log-Gabor filter and energy-based local binary patterns to extract defects and have attained good results for yarn-dyed fabric defect detection. However, the selection of parameters during the use of the logGabor filter has a great influence on the result, whereas the filter parameters obtained merely based on experience lack objectiveness. Furthermore, the size selection of the window in the local binary pattern (LBP) detection method is of equal importance, which requires the training of a defect-free image in advance. Zhu et al. [10] have used the autocorrelation function and gray-level co-occurrence matrix (GLCM) to extract the defects of yarn-dyed fabric; however, the inherent disadvantage of GLCM in texture feature extraction is that it is computationally intensive.
Due to the limitations of previous research, the existing algorithms cannot completely separate the three different structures in the fabric: patterns, fabric textures, and defects. This paper presents an automatic detection method for yarndyed fabric defects based on frequency domain filtering, distance matching function, and similarity measurement. The algorithm flow is shown in Figure 1 .
The gray image with defects can be considered as the superposition of pattern u , fabric texture v , and defects w , as shown in Equation 1.
Methods

Separation of two types of textures
The texture background of the yarn-dyed fabric is more complicated than that of the gray fabric, because the texture
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yarn-dyed fabric, defect detection, frequency domain filtering, distance matching function, similarity measurement background of the yarn-dyed fabric is the overlay of fabric pattern and fabric texture. Thus, in order to achieve the extraction of fabric defects, the separation of fabric texture and pattern texture must be accomplished first. As patterns and fabric warp yarns are both periodic textures, the frequency of the two textures is different according to the time-frequency transform theory [11] .
In order to achieve the separation of the two kinds of texture structures, first, we use the two-dimensional discrete Fourier transform to get the amplitude spectrum of the image. The amplitude spectrum obtained after the logarithmic transformation of the amplitude and the centralization of the spectral zeros is shown in Figure 2 (b).
The longitudinal patterns of the fabric are mainly shown as a horizontal bright line in the center of the amplitude spectrum, while the transverse patterns are mainly shown as a vertical bright line in the amplitude spectrum center. In order to get the pattern information of the fabric, we only need to select the area of the horizontal bright line and the vertical bright line in the frequency domain and then filter out the other areas.
In this paper, we choose two pixels from the top and bottom of the horizontal centerline and the vertical centerline in the amplitude spectrum to form the filter template. The pixel value in the filter template is set to 1, and the pixel value in the remaining positions is set to 0. The filter template is shown in Figure 2 (c). The filtered spectrum is reconstructed by frequency shift, exponential transformation, and Fourier inversion transform, as shown in Figure 2 (d). Compared with the original figure, the pattern of different colors of the yarn is preserved, and the yarn details are filtered out.
Dimension measurement of the periodic unit
The fabric containing regular patterns is composed of several fabric periodic units. The shape, size, and texture intensity of the periodic units are regular in vertical and horizontal vision. Therefore, the image of yarn-dyed fabric can be considered to be composed of several periodic units.
In this paper, a distance matching function is used to calculate the pattern period in the yarn-dyed fabric [12] [13] .The distance matching function determines the period of fabric patterns by measuring the relationship between two elements in a regular fabric. The fabric distance matching function gets the value of the fabric period by the second-order difference operation.
The fabric pattern has a strong periodicity, so the distance matching function of the fabric is periodic and diminishing.
The first-order difference of the result of the distance matching function describes the change trend of the result of the distance matching function. The fastest changing position of first-order forward difference is automatically obtained by the secondorder forward difference. The periodicity and decrement of the distance matching function make the maximum of the secondorder difference correspond to the first period of the fabric, which is the period of the fabric pattern.
One-dimensional distance matching function is defined as in Equation 2.
where P represents the period of the function, its range of values is (1, 1) N − , and ( ) g i represents the function value of the function g at the independent variable i .
Two-dimensional distance matching function of the fabric is shown in Equation 3. 
The second-order forward difference of the horizontal and vertical directions are defined as in Equation 5.
We take an example of a checked cloth with pixel size of 264×370 ( Figure 3 ). There are five periods in the horizontal direction, and four periods in the vertical direction; therefore, the size of its repeating element is 66×74. The results of the experiment, as shown in Figure 4 , show that the experimental results are in full agreement with the artificial detection results. 
Classification of the periodic units based on similarity measurement
After obtaining the periodic value of the fabric pattern, the yarn-dyed fabric is divided according to the period size. The segmented periodic units fall into two categories: defect-free and defective. The color distribution and structure of two defectfree units are almost same in the fabric, while the defective periodic unit will be different from the defect-free unit in these two aspects.
Similarity measurement can be used to distinguish the defective and defect-free regions [14] in a patterned texture. The algorithm used for defect detection in this paper is the similarity measurement of a statistical histogram of periodic units. At present, many characteristics are used in the measurement of similarity, including normalized histogram intersection coefficient, Bhattacharyya coefficient, Pearson product-moment correlation coefficient, Jaccard coefficient, and cosine angle coefficient.
In this paper, the histogram intersection coefficient is selected as the clustering feature. It is used to calculate the number of pixels with the same gray value between the two histograms. If 
The range of the normalized histogram intersection coefficient is [0,1]. Here, the numeral one indicates that the gray value of the two images is strictly matched, and zero indicates that it is completely unmatched. Suppose that the size of the periodic S , the matrix hist T is a symmetric matrix. After obtaining the similarity matrix, the average-value matrix ave T can be obtained, according to Equation (9) , which is used to calculate the average value of each column in the similarity matrix. By setting an appropriate threshold, the location of the periodic unit with defect can be obtained by extracting the address of the column that is less than the threshold in the average-value matrix ave T .
Experimental results and analysis
The most difficult detection of yarn-dyed fabric is the defect caused by the lack of warp or weft. Figure 5(a) shows the weft-lacking defect, while panels (b-e) in Figure 5 show the detection process and the result. In Figure 6 , the detection process of another common defect -holes -and the results are shown. The defect in Figure 7 is manually added to test the effect of the algorithm on different fabric patterns.
In the experiment, in order to achieve average segmentation of the image, an approximate method is needed in the process 
CONCLUSIONS
In this study, first, the frequency filtering method is used to separate the fabric texture from the pattern texture. Then, the distance matching function is applied to measure the period value of the periodic unit. Finally, the similarity coefficient is used to discern defect-free units and defective units. Through the tests of the algorithm, this method can detect different types of defects in different kinds of patterns; moreover, the detection speed is fast and the accuracy is reliable.
